Shear-wave velocity (Vs) is commonly used in geophysical and environmental studies as one of important parameters to characterize near surface study. This parameter can be estimated via the inversion of Rayleigh waves dispersion curves. In this paper, regressive-regressive particle swarm optimization (RR-PSO) algorithm has been developed and used to invert Rayleigh waves dispersion. The algorithm was tested and applied for synthetics (a free-noise and a noise-added) and field data. The results show that RR-PSO is a fast inversion tool and robust toward noise which can precisely determine the lithology of survey field.
Introduction
Recently, near-surface shear-wave velocity (Vs) become popular because it is widely used in geotechnical and environmental studies [1] . This parameter, can be estimated using Rayleigh waves dispersion analysis [2] . To obtain Vs profile or seismic stratigraphy, there are three main procedures, i.e.: data acquisition, dispersion curves reconstruction, and dispersion curves inversion [1] . Inversion is the key point to obtain seismic stratigraphy, so that researchers have developed many algorithms to invert Rayleigh waves dispersion.
PSO is one of popular algorithm that has been implemented in geophysical inversion [3] , because the algorithm can be processed at a relatively fast processed, easily implemented, and also can be used to provide uncertainty model [4] . PSO have several versions with different characteristics, one of them is regressive-regressive PSO (RR-PSO) [4, 5] . RR-PSO has the greatest convergence rate of all PSO versions and easy in parameter determination [5] .
Thus, in this work we used RR-PSO to obtain seismic stratigraphy by inverting dispersion curves and also, we examined the stability and robustness of RR-PSO. To do this, first we inverted a synthetic data to determine Vs profile and examined the algorithm. Then in final step, we inverted a field data that acquired in LUSI (Lumpur Sidoarjo) embankment to determine the field lithology. In order to know the accuracy, we also compared the inversion result with the 2D resistivity imaging.
Rayleigh waves
Rayleigh waves propagate in the earth surface as result of the interference of P and SV waves (vertically polarized shear waves) with the surface. Thus, the waves induce motion of earth particle eliptically retrograde where the amplitude exponentially decrease with depth, and also dispersive only in vertically heterogeneous or layered media [2] .
Many methods have been developed to calculate Rayleigh waves dispersion. Sungkono and Santosa [6] have used fast generalized of reflection/ transmission (FGRT) method to calculate Rayleigh waves dispersion which is addopted in this paper.
Inversion of Rayleigh waves dispersion via RR-PSO
Regressive-regressive particle swarm optimization (RR-PSO) is a novel member of PSO family which is derived from the damped mass-spring system using finite difference [5] . In other words, this algorithm is developed by backward finite difference scheme for velocity and acceleration in that system. Thus, the algorithm can be written as :
where ( ) denotes vectors position, ( ) denotes vector velocities, denotes the global position on the whole swarm, 1 , 2 are the random global and local acceleration constants, and is real constant called inertia weight. RR-PSO have the greatest convergence rate of all family members, good parameter sets and is fast to find the global minimum of objective function [5] .
In inversion of Rayleigh waves dispersion, vector position contains thickness and velocity of subsurface, = [ 1 , 2 , … , , 1 , 2 , … , ], where and represent layer thickness and shear-wave velocity repectively, while is the number of layers. To obtain optimum model, objective function that known as rms (root mean square) is needed. Essentially, the inversion result is not unique [1] . To accomodate this problem, uncertainty analysis in inversion is needed [7] . Model uncertainty can provide global optimization solution through posterior distribution model (PDM), especially Markov Chain Monte Carlo (MCMC) method and other methods. In order to provide it, MCMC depends on the type of likelihood which is used in the inversion process [1] . Thus, in this paper RR-PSO is designed to provide PDM.
Synthetic data inversion
In order to assess the stability and robustness of RR-PSO in the dispersion curves inversion, noise-free and noise-added data are tested to estimate model parameters (thickness and Vs) and their uncertainty. Therefore, RR-PSO uses 200 particles and 100 iterations to estimate thickness and Vs while, Vp and ρ are estimated using equation as in [8] . PDM of parameters (thickness and Vs) has provided using trade of error approach [4, 7] . Model uncertainty is represented by interquartile of PDM while optimum model represented by median of PDM. To know the robustness of RR-PSO, similarity index (SI) was used [8] .
Noise-free data
The dispersion curves inversion using RR-PSO is implemented on noise-free synthetic data first. This algorithm can invert the dispersion curves properly as shown in Fig.1 . The figure shows that true model and inverted model are very similar with SI value up to 96.07%. In the fitting curves, calculated data are identical with the observed data but the true and the inverted model are not. It shows that inversion of dispersion curve has a non-uniqueness solution. Fig.1c shows a very fast initial convergence during the first 20 iteration and then gradually converged close to zero.
Noise-added data
RR-PSO algorithm is also tested on noise-added data to examine and evaluate the RR-PSO performance on data noise. The inversion result illustrated in Fig.2 shows that RR-PSO is very robust and stable on noise-added data. The SI value is 96.03% and each model parameters have a small error. Fig. 1c and Fig. 2c demonstrate that noise presence in the data can shift the global minimum. It means that noise in dispersion curve can degrade the accuracy of inversion result. Meanwhile, the accuracy of each parameters generated by Rayleigh waves dispersion is decreasing with depth because the waves amplitude exponentially decrease with depth [2] . Thus, this method is good for imaging near-surface parame-ters. Fig. 1a and Fig. 1b show standard deviation of PDM that is used for the uncertainty estimation. As shown in the figures, the uncertainty is increased because of noise presence. 
Field data inversion
In the last section, we have implemented RR-PSO inversion for field data that is acquired in P.79 -P.82 LUSI (Lumpur Sidoarjo) embankment. LUSI area is composed of soft rocks which have high ductility while embankment material contains hard rock which have low ductility [9] . In this inversion, four layers model with Poisson's ratio 0.4-0.45 (for clay and sand) of each layer and large search space range is used to obtain seismic field stratigraphy. Fig.3 shows the result of field data inversion is characterized by four layers with a hard layer sandwiched between two soft layers. In order to validate the inversion result, the result is correlated with resistivity cross section in P.79-P.82 LUSI embankment [10] . Fig.4 shows the embankment generally has relative high value of resistivity above 11 m which is correlated as the interface between first and second layers in shear wave velocity (Fig.3) because embankment is harder than the layer below [9] . Furthermore, low resistivity in embankment is interpreted by fracture containing mud fluid [9] . Fig. 3 shows that the LUSI embankment consists of two layers, where the bottom is harder than the top. It is due to difference compaction factor in embankment layer, where the bottom suffered pressure from the top and the top is not. Thus, the bottom become more compact with higher Vs value. Based on Fig.3 and Fig.4 , the layer bottom embankment consist of two layers, which may be clay and sand respectively. In this site, sand has higher resistivity and shear wave velocity than clay. 
Conclusion
RR-PSO algorithm is implemented to invert dispersion curves and examined the stability and robustness. This algorithm is stable, robust toward noise, and have a undergo rapid convergence in few iterations. Thus, it can obtain the subsurface parameters accurately. RR-PSO algorithm that has implemented in LUSI field data shows that the inversion result can well interpret the field lithology and help to assess stability LUSI embankment.
